Abstract: Phenyl azides with powerful electron-donating substituents are known to deviate from the usual photochemical behavior of other phenyl azides. They do not undergo ring expansion but form basic nitrenes that protonate to form nitrenium ions. The photochemistry of the widely used photoaffinity labeling system 4-amino-3-nitrophenyl azide, 5, has been studied by transient absorption spectroscopy from femtosecond to microsecond time domains and from a theoretical perspective. The nitrene generation from azide 5 occurs on the S 2 surface, in violation of Kasha's rule. The resulting nitrene is a powerful base and abstracts protons extremely rapidly from a variety of sources to form a nitrenium ion. In methanol, this protonation occurs in about 5 ps, which is the fastest intermolecular protonation observed to date. Suitable proton sources include alcohols, amine salts, and even acidic C-H bonds such as acetonitrile. The resulting nitrenium ion is stabilized by the electron-donating 4-amino group to afford a diiminoquinone-like species that collapses relatively slowly to form the ultimate cross-linked product. In some cases in which the anion is a good hydride donor, cross-linking is replaced by reduction of the nitrenium ion to the corresponding amine.
Introduction
The photochemistry of aryl azides such as 1 has been studied extensively and been found to be highly diverse. The most commonly encountered mode of reaction is ring expansion of the photochemically generated nitrenes to ketenimines (2) via azirines (3), both of which react rapidly with a wide variety of nucleophiles (Scheme 1).
1 In highly acidic media or when substituted with powerful electron-donating groups, aryl nitrenes tend to protonate, thereby forming nitrenium ions, 2 and when appropriately substituted with electron-withdrawing groups, aryl nitrenes will undergo insertion reactions into activated σ bonds. 3 Thus, aryl azides are being widely applied as photoaffinity labeling (PAL) and photo-cross-linking (PCL) agents in the study of many types of biochemical interactions. The mechanism of action of these reagents is usually considered to be either direct nitrene insertion into protein residues, 4 as shown in Scheme 2, or attack of a nucleophilic protein residue on one of the nitrene-derived intermediates related to 2 or 3. More specifically, the PAL/PCL activating agent 4-fluoro-3-nitrophenyl azide (4) has been applied extensively in such studies. 5 The mode of action of this PAL/PCL agent has been assumed to be related to the chemistry outlined in Schemes 1 and 2, but no detailed mechanistic study has been conducted to establish its chemistry. In general, the azide-derivatized biomolecules used † Bowling Green State University. ‡ University of Cincinnati. § The Ohio State University. in PAL/PCL studies represent a class of aryl azides in which the azide (nitrene) is in electronic communication with a powerful electron-donating group such as an amino nitrogen (5 in Schemes 2 and 3) or an ether oxygen. We have observed that aryl azides of this class deviate from the usual azirine/ ketenimine pathway (Scheme 1), in that they form the ring substitution products such as those formed from azide 5 shown in Scheme 3. Consequently, the photochemistry of this widely applied 4-amino-3-nitrophenyl azide PAL/PCL system 6 has been studied in this work in the presence of nucleophiles using ultrafast pump-probe and theoretical techniques in an effort to better understand its mechanism of reaction. The results of those studies are presented below.
Experimental Section
Ultrafast Transient Absorption Spectroscopy. The ultrafast transient absorption spectrometer used in this work is based on an amplified Ti:sapphire laser system (Hurricane, Spectra Physics) that pumps two computer-controlled pump and probe TOPAS-C optical parametric amplifiers (Light Conversion Ltd.) . 7, 8 Pump-probe ultrafast transient experiments with azide 5 have been conducted in various solvents at excitation wavelengths of 420, 350, and 305 nm. The white-light continuum generated by focusing a small portion of the 800 nm amplified output into a 3 mm CaF 2 window was used as a probe light source. Alternatively, for the 305 pump, a portion of the 800 nm amplified output was delivered to the TOPAS-C probe amplifier to produce UV-probe pulses tunable from 280 to 390 nm. In a typical ultrafast measurement, about 120 ∆A data points were collected at each position of the delay line, and this procedure was repeated about 10 times for averaging. All transient absorption (∆A) spectra were corrected for the group velocity dispersion of the probe light with an accuracy of (30 fs by using the nonresonant or two-photon absorption signals from neat solvent. 9 The excitation pulse energy was attenuated to ensure that the ∆A signal due to two (excitation)-photon absorption by the solvent was minor compared with the single-photon ∆A signal of the azide at delay times equal to or longer than 100 fs. 10 The sharp Gaussian transient absorption signal at time zero due to stimulated Raman scattering from solvent 11 yielded the instrument response function (150 fs, fwhm). Linearity of the transient absorption signals from the azide was verified by attenuating the excitation light with neutral density filters up to one-fourth of the typically used pulse energy; the extrapolated line passed through the origin. Dissolved oxygen had no noticeable effect on the transient absorption spectra as verified by degassing the azide solution with argon (solvent, i-PrOH) . The ∆A spectra (solvent, i-PrOH, 350 nm excitation) were found to be independent of azide concentration (up to 16 mM). Steady-state absorption spectra of the azide solutions measured before and after the pump-probe experiment indicated that the degree of the sample decomposition was always less than 10%. All measurements are performed at magic angle polarization conditions and 22°C. The temporal evolution observed was globally fitted 12 to a sum of exponential functions with the time constants τ i : ∆A(λ,t) ) ∑ i ε i exp(-t/τ i ), where λ is the probe wavelength, τ i are the resulting time constants, and ε i are the decay-associated spectra reconstructed from the resulting τ i values based on the assumption of a consecutive reaction mechanism. A decay-associated spectrum defines the absorption, which contributes to the recorded ∆A spectra and which is characteristic of a specific decay component obtained by a global fit. A global fit assumes that the absorption of product species changes only in their strength, not band shape, which may affect the resulting time constants (τ i ) up to several picoseconds. For each excitation wavelength used, a global fit was performed on 512 kinetic traces within the 274 nm bandwidth of the whitelight continuum probe. The region from -125 to 125 fs was not used in the global fit because of the solvent contribution to the measured ∆A spectra.
Computational Details. All of the calculations are performed using Turbomole 5.91 13 at the Ohio Supercomputer Center, with the exception of the transition state calculations for formation of adducts 13 and 14, which were carried out using Spartan.
14 The azide 5 was optimized using Becke's three-parameter hybrid exchange functional with Lee-Yang-Parr correlation functional (B3LYP) 15 methodology and using second-order couple cluster method with resolution-of-identity approximation 16 with triple-valence polarized (TZVP) basis sets as developed by Ahlrichs and co-workers. 17 Other than the azide 5, all of the other species were optimized at the B3LYP/TZVP level. Vertical excitations were obtained at these geometries using time-dependent density functional theory (TD-DFT) . 18 The open-shell and closedshell nitrenes were optimized at the CASSCF(4,4)/6-31G(d) level using the Gaussian 03 19 program. However, further CASSCF optimizations and CASPT2 single-point energies of open-shell and closed-shell nitrenes using larger active space and more active electrons, such as CASSCF(10,10), were performed using MOL-CAS 6.2. 20 These CASPT2//CASSCF computations were accomplished using the pVDZ basis set of Pierloot et al.
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Results and Discussion
The UV-vis absorption spectrum of azide 5 in i-PROH consists of two broad structureless bands, a weaker one located at 450 nm and stronger one at about 280 nm ( Figure 1A ). The absorption spectra in polar protic and aprotic solvent are similar with ε (445 nm) ) 1390 M -1 cm -1 in CH 3 CN. In nonpolar solvents, such as cyclohexane, a blue shift (1000-2000 cm -1 ) of the spectrum is observed. Calculations (TD-B3LYP) suggest the lowest energy transition, S 0 f S 1 , is centered at λ max ) 477 nm (f ) 0.0042). The S 0 f S 2 transition is centered at λ max ) 353 nm, but it carries no oscillator strength (f ) 0.0000). At the same time, the RI-CC2 calculations locate the 352 nm transition (f ) 0.0062) but do not show the 477 nm band. Finally, it should be noted that azide 5 did not exhibit any noticeable fluorescence in polar or nonpolar solvents (excitation 280-360 nm).
Product Studies. Azide 5 was prepared as indicated in Scheme 2 6 and, upon irradiation in i-PrOH, found to undergo photochemical reduction to amine 6 and ring substitution to form 7 and 8 (Scheme 3). Surprisingly, the regiochemistry of this substitution reaction favors the formation of the more hindered isomer 8 rather than 7, which can be isolated in only trace amounts. The regiochemistry of this addition has been confirmed by an X-ray crystal structure determination of the acetate 9 (Figure 2 ). Initial studies with a variety of nucleophilic solvents under both high and low intensity irradiation conditions gave the reduction/substitution ratios shown in Table 1 .
Ultrafast Transient Absorption Spectra. Figure 1B -D shows the typical ∆A absorption spectra of azide 5 measured in i-PrOH upon 350 nm excitation at time delays starting from 100 fs. The measurements of the ∆A spectra for neat i-PrOH using the identical excitation conditions indicate that significant solvent signals occur at short times of -50 and 50 fs. At 100 fs, following irradiation of 5 in i-PrOH at 350 nm, transient absorption (positive ∆A signal) is extensive and consists of a broad UV absorption (350-400 nm) and a bell-like visible absorption band centered at 580 nm ( Figure   (7 ) and decay. As time progresses from 1 to 6 ps ( Figure  1C ), the visible band blue shifts even more with the formation of a broad absorption spectrum centered at about 495 nm, and the entire ∆A spectrum decays. From 6 to 20 ps, the visible absorption grows and sharpens to a peak at 470 nm that dominates the ∆A spectrum. The absorption changes from 50 to 1000 ps ( Figure 1D ), slowly decaying in the 350-400 and 525-700 nm ranges, with formation of a narrowed, long-lived band centered at 486 nm with a broad shoulder at around 390 nm.
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The aforementioned transient behavior was compared with that upon excitation at a longer wavelength, 420 nm ( Figure  3A,B) . The 100 and 200 fs ∆A spectra display bands at 550 and 360-380 nm, which resemble those observed upon 350 nm excitation in their shape, signal amplitude, and decay constants (major components, ca. 0.4 and 3 ps), albeit the 100-200 fs ∆A spectra upon 350 nm excitation are much broader, indicating a larger excess of internal energy content of the contributing species and possibly the formation of new species. With 420 nm excitation, no discernible ∆A signal is observed beyond 20 ps. Vanishing of both bleach (negative ∆A) and transient absorption signals beyond 20 ps indicates the quantitative reformation of the relaxed ground state of azide 5. Thus, a 420 nm photon delivers photoexcitation into the lowest energy band of the absorption spectrum of azide 5, most likely (22) The transient absorption spectrum of 5 pumped at 350 nm in acetonitrile is provided in Figure SM2 in the Supporting Information. . Data in D represent smoothed spectra by adjacent-averaging (bandwidth, 3.5 nm). The solvent contribution to the ∆A spectra is minor at delay times equal to or longer than 100 fs, except for the 388.9 nm feature that corresponds to stimulated Raman scattering from i-PrOH and yields 11 the instrument response function, 150 fs (fwhm). a Determined by mass spectrometry of photoproducts from laser transient studies.
b Determined from preparative runs using a Rayonet photochemical reactor in parentheses.
c All substitution products are 2-substituted (8) rather than 6-substituted (7) unless noted otherwise. the S 0 fS 1 electronic transition, and neither the 470 nm nor the long-lived 486 nm intermediates were observed.
Excitation into to a higher lying excited electronic state was achieved using 305 nm pump pulses ( Figure 3C -E). As in the case of 350 nm excitation, a ∼100 fs delayed rise of the 550 nm band is observed. However, the short-time ∆A spectra are dominated by the 350 nm product absorption band, the formation of which occurs in <100 fs. The 350 nm band decays slightly over 1 ps and significantly over 50 ps (time constant, 19 ps) with a 900 cm -1 blue shift. Over the time that the 350 nm band has decayed by 50%, the 550 nm band vanished completely, indicating that these bands are not related to each other. In general, the short-time 200 fs ∆A spectra observed upon 305 and 350 nm excitation resemble each other (Figures 1B and 3A) , albeit the ∆A signal amplitude is much larger in the 350 nm spectrum. This indicates that 350 and 305 nm excitation leads to the formation of several species, which have similar absorption spectra, but that 305 nm excitation produces mainly the more weakly absorbing components of the 350 nm spectrum. These components ultimately decay to the same species exhibiting the narrow 487 nm band with the 390 nm shoulder that are dominant in the 350 nm ∆A spectra at the longest time delays (1100 ps in Figures 1D and 3C ).
The 305 and 350 nm photoexcitation lead to a complicated spectral evolution, which exhibits several kinetically and spectrally different features, namely, subpicosecond and picosecond components, ∼350 and 465 nm bands, and a ∼490 nm product band. Figure 4 illustrates a good-quality global fit using a sum of four exponential functions and an offset (permanent background spectrum) for azide 5 in i-PrOH excited at 350 nm.
The validity of the fitting procedure is evident by comparison of the reconstructed decay-associated spectra maxima with the maxima observed in the time-evolving ∆A spectra (cf. Table 2 , entry 7 vs the maxima at 565, 539, 528, 469, and 486 nm in Figure 1 ). Lower quality fits are obtained with a smaller number of time constants, while the increase of a number of time constants leads to no further improvement of 2 values. It is particularly important to note that the decay of the 350 nm band correlates very well with growth of the ∼465 nm band in this model (see inset in Figure 3 , τ 3 ) 19 ps). Only two time constants and a very small permanent background spectrum are required for a satisfactory global fit of the spectrum generated by 420 nm excitation. The resulting time constants are summarized in Table 2 , together with the maximum absorption wavelengths (λ max ) of the resolved component spectra.
These observations have been extended to longer times using nanosecond spectroscopy ( Figure 4F) , 8 which for i-PrOH initially displays the narrow red-shifted band of the 486 nm transient that decays relatively slowly (τ 5 ) 557 ( 8 ns) to yet another intermediate absorbing at 445 nm. The decay of the 486 nm band matches the growth of the 445 nm band (τ 5 ) 556 ( 28 ns). The 445 nm transient eventually decays to baseline in the microsecond domain. This same general pattern is repeated for most other alcohols, amines, ammonium salts, and some carbon compounds with acidic hydrogens such as dimethyl malonate and even acetonitrile (Vide infra). In nonacidic solvents, such as toluene (Table 2 , entry 18), the subpicosecond absorption is very broad, extending beyond 700 nm. The ensuing broad transients occur at 514, 543, and 492 nm. The latter 492 nm transient persists beyond a time delay The solvent contribution to the ∆A spectra is minor at delay times g100 fs; see Figure SM1 in Supporting Information. For 305 nm excitation, the UV region (280-375 nm) of the ∆A spectra was measured using the probe light generated by TOPAS ([azide 5] ) 1.7 mM, 3.1 µJ pump pulse) and subsequently scaled to the visible (360-665 nm) ∆A spectra measured using the white-light continuum probe. The inset compares the ∆A kinetic traces recorded at probe wavelengths of 350 and 465 nm. of 1 ns ( Figure 5 ), and the longer-lived 465, 486, and 445 nm bands usually observed never develop (Table 2 , entry 18, and Figure 4D -F). The full range of transients is observed when the azide 5 is irradiated at 350 nm in acetonitrile (Table 2, entry 13), but irradiation at 420 nm in acetonitrile leads only to the initial transients similar to those observed at this wavelength in i-PrOH (Table 2, entry 10).
A detailed analysis of the formation of nitrenes that undergo aromatic ring expansion, including ortho-and para-biphenylyl azide and 1-naphthyl azide, has recently been reported. 23 Comparing the transient spectra observed in this work with these literature data, we note that the initial absorption spectrum, presumably that of the singlet excited state of 5, occurs at significantly longer wavelength. Thus, in the case of 5 in i-PrOH, an initial broad absorption band centered at 562 nm (τ 1 ) 333 fs, Table 2 , entry 7 and Figure 4A ) is observed in contrast with the previously observed singlet excited state of para-biphenylyl azide, which has an absorption maximum at 480 nm (τ ∼ 100 fs). 23 In general, the lifetimes of aryl azide excited singlet states fall between 100 and 600 fs. Consequently, the 333 fs lifetime of the 562 nm species observed in this system is consistent with the singlet excited state of the azide 5. However, this absorption is assigned to the lowest excited singlet state of azide 5 (S 1 ), which does not afford the nitrene (Vide infra and Table 2 , entry 10).
Theoretical Considerations. Active Excited State and Nitrene
Formation. Detailed calculations have been conducted on the azide 5 and its associated nitrene. The first question to be addressed was that of the excited state behavior of the azide 5 in an effort to determine which of the several low lying excited states would be most likely to produce nitrogen extrusion ( Figure  6 ). The lowest excited state, S 1 , is (π,π*) with a shift of electron density from the aromatic ring and the amino group ortho to the nitro group at the TD-B3LYP level of theory, λ max ) 477 nm. On the other hand, the second excited state, S 2 , (π,π* in-plane ), is localized on the azide group with a significant loss of electron density between the first and second nitrogen atoms of the azide moiety (TD-B3LYP, λ max ) 353 nm, f ) 0.0000, Figure 6 ) and suggests subsequent elongation of the -N-N 2 bond. Furthermore, TD-B3LYP optimization of the S 0 , S 1 , and S 2 states of the di-N-methyl analogue of 5 indicates that the -N-N 2 bond lengthens appropriately for the loss of nitrogen and formation of the nitrene in the S 2 excited state but not in the S 1 excited state (Figure 7 ). These correlations clearly indicate that S 1 is not an effective precursor state for loss of nitrogen and formation of the nitrene. Consequently, S 2 or higher excited states, but not S 1 , seem to be ideal candidates for the extrusion of nitrogen and formation of the nitrene. These calculated energy relationships correlate very nicely with the observed transient behavior of 5. Thus, irradiation of 5 at 420 nm might selectively populate S 1 but not S 2 (calculated λ(S 0 fS 1 ) ) 477 nm, calculated λ(S 0 fS 2 ) ) 353 nm). The transient cascades outlined in Table 2 indicate that irradiation at 420 nm (entry 10) leads to a broad absorption ca. 559 nm that forms within 400 fs and returns to baseline a few picoseconds later. In contrast, irradiation with 350 nm light (entry 7), which should populate S 2 or higher excited states, leads to the complete cascade of transients out into the microsecond domain. The simplest interpretation of these observations is that 420 nm excitation populates S 1 and that this intensely absorbing species returns to the ground state, S 0 , without loss of molecular nitrogen or nitrene formation. In contrast, 350 nm excitation populates both S 1 and S 2 since similar initial transient spectra are observed, but the transient cascade extends beyond the decay of S 1 with a stream of intermediates arising from the loss of nitrogen and nitrene formation. In this interpretation, the source of the spectra in Figure 4A is excited state absorption from S 1 and S 2 or higher. Both of these excited states may de-energize to hot S 0 within 1 ps followed by vibrational relaxation (Figure 4B ), but S 2 also extrudes N 2 within this same time frame leading to formation of the nitrene, which is the spectrum in Figure 4C (possibly with a small contribution from the 528 nm band of moderately hot S 0 of azide 5), and is a precursor for the spectra in Figure  4D ,E. Comparison of the τ 1 entries in Table 2 for 420 and 350 nm excitation shows that the short-time constants are not affected; therefore, it seems likely that the S 2 lifetime is significantly shorter than the S 1 lifetime. Nitrene Electronic Configuration. The electronic configuration of the nitrene derived from azide 5 becomes quite important in interpreting the chemistry of this species. This nitrene might exist in any of three electronic configurations: the triplet, the open-shell singlet, or the closed-shell singlet. Considering the time frame of the chemistry occurring in the aforementioned transient section ( Figure 4A-C) , the triplet configuration can be excluded since singlet aryl nitrenes usually require about 100 ps to 10 ns to reach singlet-triplet equilibrium, 1a,24 and in the systems studied here, the singlet nitrene ( Figure 4C ) proceeds to the next intermediate ( Figure 4D ) in <20 ps.
Therefore, the remaining questions are whether the configuration of the ground state singlet nitrene is closed-shell or openshell, and which of these is the reactive intermediate in the (24) Figure 4 . b S 1 absorption is difficult to measure at this exciting wavelength. c Persists to the limit of the time window (1.2 ns) of ultrafast transient absorption experiments.
d Well-fitted by three exponentials, but these listed data are for four exponentials in order to compare with other data that require four exponentials for a satisfactory fit. chemistry to follow. Extensive CASSCF calculations using large electron/orbital sets (CASSCF(10,8)/6-311+G(3df,3pd)//CASS-CF(4,4)/6-31G (d)) indicate that the open-shell (OS) singlet is about 6.6 kcal/mol lower in energy than the closed-shell (CS) singlet, and that ∆E CS-OS is definitely <10 kcal/mol. Therefore, one can say with a fairly high degree of certainty that the openshell singlet is the ground singlet state of the nitrene.
However, both ultrafast femto/picosecond and conventional nanosecond spectroscopy, as well as the products observed in the photochemistry of azide 5, seem to be more consistent with the chemistry of a closed-shell nitrene intermediate than an openshell nitrene intermediate. Intuitively, one expects open-shell singlet nitrenes to engage in single-electron radical or diradical chemistry; in contrast, one expects closed-shell singlet nitrenes to engage in two-electron, acid/base or nucleophile/electrophile chemistry. This type of behavior has been observed by Sheridan 25a-c and Tomioka 25d for p-phenylenebis(chloromethylene), a bis-open-shell dicarbene, and p-phenylenebis(fluoromethylene), a bis-closed-shell dicarbene, which bears an intriguing resemblance to the nitrene under study in this work. It should be noted, however, that detailed studies on the differences in reactivity between an open-shell and closed-shell nitrene have not been performed, and so these predictions currently lack rigorous experimental validation.
In the photochemistry of 5, the amine 6 (Scheme 3) might conceivably arise via a radical process, but the substitution products 7 and 8 would be more expeditiously formed via twoelectron, closed-shell nitrene chemistry (Vide infra). 26 Furthermore, the transient species observed in toluene, conditions under which the triplet nitrene and associated radical intermediates should be formed, are distinctly different from those formed under the conditions of the reaction in question (compare Figures  3 and 4 with Figure 5 ). Finally, the calculated CdN bond length for the S 2 excited state of the azide 5 is 1.365 Å (Figure 7) , which is significantly closer to the calculated CdN bond length for the closed-shell nitrene, 1.364 Å, than to that calculated for the open-shell nitrene, 1.447 Å.
8 Thus, theoretical calculations and experimental evidence can be reconciled if the FranckCondon excited state of the azide leads directly to the closedshell nitrene. Since interconversion between the closed-and open-shell singlet nitrene states is forbidden and, thus, a relatively slow process, relative rates of reaction, not singlet nitrene energies, might well determine the course of subsequent reactions.
In support of this relative rate scenario, there is a straightforward correlation between singlet-triplet intersystem crossing (ISC) and closed-to-open-shell nitrene interconversion (COSI). An example of which is shown in Figure 8A for the carbonyl ( 1 n,π*)-( 3 π,π*) ISC. In this well-understood system, ISC (effective rate <10 9 s -1 ), only occurs rapidly if the change in electron spin angular momentum is balanced by a corresponding and opposite change in orbital angular momentum. Thus, the spin flip of the electron is coupled with the redistribution of electron density between orthogonal molecular orbitals. If orthogonal orbitals of similar energy are not available for the conservation of angular momentum, then the higher energy singlet excited state will not readily undergo ISC to the lower energy triplet state, and the singlet state can persist for hundreds of nanoseconds. This is the case with the singlet (π,π*) excited states of aromatic hydrocarbons. 27 In Figure 8B , the relationships between open-and closed-shell singlet and triplet nitrene states are shown. Thus, interconversion between open-and closedshell singlet states (OCSI) is expected to be highly forbidden since the change in orbital angular momentum cannot be balanced by a corresponding change in electron spin angular momentum. Likewise, the ISC of the open-shell singlet to the corresponding triplet also should be highly forbidden since the change in electron spin angular momentum cannot be balanced by a change in orbital angular momentum. However, the closedshell singlet nitrene should readily undergo ISC to the triplet nitrene since this is a spin-orbit-allowed process.
28 Therefore, even though the closed-shell singlet nitrene may be at higher energy than the open-shell singlet nitrene, it can play a significant role in the chemistry of 5 if it is populated directly upon loss of molecular nitrogen from the singlet excited state of the azide 5 and if it reacts more rapidly than it undergoes interconversion to the open-shell singlet or ISC to the triplet state.
Nitrene Formation. On the basis of these calculations and the experimental data, nitrene formation arises from the second, S 2 , or higher excited singlet states of azide 5. The S 1 singlet state decays back to the ground state without giving rise to any transients that survive longer than a few picoseconds (see Table  2 for excitation at 420 nm in i-PrOH, entry 10, and in cyclohexane, entry 16). The source of the spectra in time frames A and B (Table 2 and Figure 4 ) is thought to be largely due to the lowest excited singlet S 1 state of azide 5 and the vibrationally hot states of the S 0 state formed upon internal conversion of S 1 . In contrast, irradiation at 350 and 305 nm leads to population of S 1 and higher energy excited states (S 1 + S 2 +...) and a cascade of nitrene-derived intermediates extending into much longer time domains. For example, excitation of 5 in i-PrOH at (26) 305 nm (Table 2 , entry 8, and Figure 3 ) leads to a new absorption at 580-620 nm and intense absorption at 350 nm (time delay, 100 fs), both of which decay over about 20 ps to a species absorbing at 460 nm that in turn decays over about 833 ps to a species absorbing at 484-486 nm. Nanosecond transient absorption spectroscopy shows that this 484-486 nm species slowly (τ 5 ) 557 ns) decays to the final species observed that absorbs at 445 nm. The nature of the 350 nm species ( Figure  3C ,D) that is formed in <100 fs is of central importance. This absorption band is not due to hot S 0 . Indeed, 420 nm excitation produces a 360 nm absorption band that is spectrally different and also decays with two time constants, 380 fs and 2.8 ps, but leads to no further absorption bands. In contrast, the decay of this 350 nm band occurs with a time constant of 19 ps and parallels the growth of the 465 nm band. During this evolution, the 350 nm band undergoes a blue shift to 340 nm and spectral narrowing, indicating that the species responsible for the 350 nm band are produced with excess vibrational energy. This 350 nm species is assigned to the hot closed-shell nitrene ( Figure 9 and Table 3 ). Excitation of 5 at 350 nm in cyclohexane (Table  2 , entry 15) produces the same singlet nitrene that decays to the triplet nitrene (τ 3 ) 80 ps, λ max ) 452 nm). When the proton source phenol is added to cyclohexane (Table 2 , entry 17, also see Figure 11C ), a very conspicuous new transient is rapidly formed in the 452-480 nm region over ca. 18 ps and survives for several hundred nanoseconds. These two experiments indicate that two processes compete for the closed-shell nitrene, and that both of these processes yield species absorbing in the 452-480 nm region. One of these is triplet nitrene formation, and the other is a proton-dependent process, probably nitrenium ion formation (Table 3) . The aforementioned femtosecond-picosecond spectroscopic observations are correlated by the reaction scheme outlined in Figure 9 . Clearly, the lowest excited singlet state of the azide 5 does not lead to nitrene formation, but higher (π,π*) excited states localized mainly on the azide unit, particularly the S 2 state, do afford the nitrene. Since similar processes in carbene chemistry have been shown to produce both ground and excited carbene states, 24b,29 it is quite possible that the excited closedshell nitrene is formed initially upon loss of molecular nitrogen in this system. As indicated in the previous discussion, the closed-and open-shell singlet nitrenes should not be readily interconverted without some type of second-order vibronic coupling that is thought to be weak at best. 28 Therefore, an initially formed closed-shell nitrene might survive long enough to initiate chemistry unique to its electronic configuration. In fact, the lifetime of this closed-shell nitrene may be governed by ISC to the triplet nitrene, which is a spin-orbit-allowed process, rather than by decay to the open-shell singlet nitrene, which is a spin-orbit-forbidden process.
24b,28 Finally, one plausible reaction pathway of the closed-shell nitrene might be protonation, which correlates with the ground state of the nitrenium ion 10. In contrast, protonation of the open-shell nitrene correlates with the excited state of 10 that is estimated to be approximately 87 kcal/mol above the nitrenium ion ground state. In this scenario, the nitrenium ion 10 would be the pivotal reactive intermediate leading to the substitution products 7 and 8 (Scheme 3). Many alternative scenarios have been considered for the nitrene reaction cascade.
8 For instance, insertion of the closed-shell singlet nitrene directly into the O-H bond of the solvent alcohol to form a hydroxylamine ether might be a possible alternative. While this possibility cannot be rigorously excluded, we tend to discount it due to the lack of hydroxy- In the model outlined in Figure 9 , the closed-shell nitrene ( Figures 3D and 4C ) undergoes nitrene protonation in competition with ISC to the triplet nitrene. If the triplet nitrene is generated in this cascade of intermediates, then one must take into consideration hydrogen atom abstraction to form the corresponding nitrogen radical, which is a reasonable precursor for the amine 6. TD-B3LYP calculations indicate that these possible intermediates all absorb in the 340-480 nm region as indicated in Table 3 . Clearly, a combination of triplet nitrene, nitrogen radical, and/or nitrenium ion 10 might give rise to the transient spectrum observed in Figure 3D ,E (20 ps) or 4D, which is a broad absorption band centered at 465 nm. This band narrows and shifts to longer wavelength, 486 nm ( Figure 3E or 4D,E). The band in frame E is also shifted to the red by polar solvents (compare λ max ) 484-501 nm in polar solvents, Table  2 , entries 1-9, 11, 12, and 14 with λ max ) 466 nm in cyclohexane, entry 17). It is interesting to note that the calculated oscillator strengths of the triplet and radical are about 50 times larger that that calculated for the nitrenium ion 10 in Table 3 . Consequently, any mixture of (triplet + radical)/nitrenium ion 10 of ca. 2/98 would give overlapping signals of approximately equal intensities as observed in Figure 4D . While it may be a coincidence, this is about the same ratio that is observed for product formation, amine 6/nitrenium ion adducts 7 and 8 ) 5-2/95-98 (Table 1) . Apparently, in neat protic solvents, the rate constant for nitrene singlet-triplet ISC (τ ISC -1 ) is significantly slower than that for protonation (τ H -1 ) k H ). This is also indicated in cyclohexane (Table 2 , entry 15), where protonation is not possible, τ 3 ) τ ISC ) ca. 80 ps, and entry 17 in cyclohexane/phenol, where τ 3 ) τ ISC+H ) ca. 18 ps. Similar time constants of 60-100 ps have been observed for singlet-triplet ISC in p-amino-substituted aryl nitrenes. 30 Apparently, the short wavelength component of the 465 nm band in Figure 4D is due to small amounts of the triplet nitrene. In support of this assignment, the amine radical was obtained by irradiation of azide 5 in toluene (Table 2 , entry 18, and Figure 5 ). Under these conditions, a broad band at 543 nm persists and slowly shifts to an intense and broad band centered at 492 nm over ca. 315 ps. In addition, the benzylamine corresponding to benzylation of the nitrene nitrogen was isolated as the main product of this reaction in toluene.
8 Therefore, the source of this 492 nm band is most reasonably attributed to the nitrogen radical. These considerations indicate that ISC to the triplet and hydrogen atom abstraction to form the nitrogen radical are relatively slow processes compared to the process shown in Figure 4C ,D, and that the nitrene triplet would be expected to absorb on the short wavelength shoulder of the nitrenium ion absorption band (Table  3) . Finally, additional confirmation of the presence of the nitrene triplet in these reactions has been obtained via the isolation of the typical azo triplet dimer 11, 1a as well as the unusual oxidized alternative dimer 12 31 (Scheme 4), from reactions in nonalcoholic solvents such as acetonitrile. Therefore, the observed rate constant coupling frames C and D, τ 3 , is the sum of the rate constants for the two branches of singlet nitrene reactions, k ISC + k H , shown in Figure 9 . However, so long as the singlet-triplet ISC branch develops much more slowly, 2i this composite rate constant will largely reflect the much faster rate of the protonation branch.
A factor that might influence the observed rates of protonation is the initial formation of a vibrationally hot singlet nitrene ( Figure 3C,D) , which subsequently undergoes a slight blue shift of its spectrum as it cools.
32 For example, the nitrene derived from para-biphenylyl azide in acetonitrile has a cooling time constant of 11 ps, 23a which is coincident with the time constants for the intermediates involved in Figure 3C ,D. Consequently, it seems highly likely that the protonations observed in this work involve vibrationally hot singlet nitrenes to a significant extent, which may help to account for the rapidity of these protonation reactions.
The identity of the intense band at 486 nm in both E and F of Figure 4 is of central importance in determining the pivotal intermediates in this chemistry. The source of this intermediate is thought to be the nitrenium ion 10 arising from protonation of the nitrene and calculated to have λ max ) 441 nm (Table 3) . In an effort to evaluate this possibility, the effect of deuterium on the rates of the nitrene protonation step with MeOD and i-PrOD was investigated. These nitrene reactions display little, if any, deuterium kinetic isotope effect (KIE) within experimental error. Thus, k H /k D ) 1.4 for methanol (Table 2 , entries 1 and 2), and k H /k D ) 0.9 for i-PrOH (Table 2 , entries 7 and 9). Similar small KIE values ranging from 1.0 to 1.7 are observed for alcohol protonation of arylcarbenes.
29d,33a,b Kirmse and coworkers have discussed the lack of deuterium isotope effects for the reactions of a variety of carbenes with alcohols and note that it can be attributed to an "early" transition state with little proton transfer from ROH to the carbene, and, correspondingly, little charge development.
33c This notion is consistent with the involvement of vibrationally hot species for which an earlier transition state might be expected.
Variations on these suggestions have been explored from a theoretical perspective for the case of the closed-shell singlet nitrene derived from 5 at the B3LYP/6-31G* level as outlined in Figure 10 . While the possibility exists that hydrogen bonding between alcoholic solvents and the azide nitrogen occurs prior to photochemical expulsion of molecular nitrogen, no such stable complex could be observed either experimentally (IR) or theoretically. The question also arises as to the influence of the departing nitrogen molecule on the reactivity of the incipient nitrene. Since the nitrene is formed in a vibrationally hot state, it is assumed that the expelled molecular nitrogen rapidly leaves the immediate vicinity of the nitrene nitrogen and thus has little, if any, influence on the reactivity of the nitrene. Furthermore, since nitrenes are only attached to a single substituent, they extend further into solvent space than do carbenes, which are attached to two shielding substituents. As a result, nitrenes are sterically more available to solvent molecules and more flexible to geometric modifications during the course of reactions. Theoretical analyses of the reactions of this nitrene with alcohol have located two transition states for nitrene protonation, and these are described in Table 4 .
8 These protonation trajectories have small activation energies (ca. ∆E q ) 4.81-4.43 kcal/mol) and are quite exothermic reactions with ∆H ) ca. -40 kcal/ mol. In addition, they both have transition states that occur fairly early along the reaction coordinate with the RO-H bond being only ca. 28% broken. Therefore, we assign the 486 nm transient in Figure 4E ,F to the nitrenium ion 10 that results from simple nitrene protonation. The small or lack of a KIE in this protonation process would seem to be due to a combination of factors including the availability of the nitrene nitrogen in solvent space, the early and low activation energy barriers for singlet nitrene protonation, and, at least in the case of methanol, the very rapid protonation of a vibrationally hot nitrene shortly after its formation.
In alcohol solvents, nitrene protonation occurs over a range of τ 3 ) 5-23.4 ps, with the most rapid being protonation by methanol and the slowest being protonation by n-octanol. The same general dependence on alcohol structure has been observed in previous work with carbenes in which the most rapid protonation occurs in methanol with other primary, secondary, and tertiary alcohols protonating at slower rates that are similar to each other. 33a,b The protonation of the nitrene by methanol observed in this work ranks with the fastest intermolecular proton transfer processes known, which includes the protonation of singlet diphenylcarbene by methanol, τ ) 9 ps, 33a,b and the protonation of water by several excited photoacids. 34a,b Finally, immediately following protonation, a contact ion pair (CIP) would result. This CIP will rapidly equilibrate to the solvent-separated ion pair (SSIP) via a proton relay mechanism (Grotthuss mechanism 35 ) that will redistribute the alkoxide anions in an equilibrated array surrounding the nitrenium ions. Again, a parallel exists in the protonation of carbenes. Thus, protonation of singlet di(p-methoxyphenyl)carbene yields a CIP (λ max ) 470 nm) which red shifts to a SSIP (ca. 500 nm) over ca. 700 ps. 33b The time constant for this type of proton exchange Figure 10 . Two regions of space surrounding the closed-shell singlet nitrene nitrogen and alcohol approach geometries leading to protonation transition states. is estimated to be 55 ps for methanol/methoxide 36 and is expected to be about an order of magnitude slower in i- PrOH, 33b which is very close to the time constant observed for the formation of the 486 nm, τ 4 ) 507 ps, in that solvent ( Figure  4D ,E). Therefore, it seems likely that the red shift observed upon going from frame D to E in Figure 4 is not entirely due to decay of the short wavelength triplet component but may have a significant contribution from the equilibration of the CIP to the SSIP.
The nitrenium ion 10 is very long-lived to the extent that it can be easily observed by nanosecond transient absorption spectroscopy ( Figure 4F ). It slowly undergoes transformation over several hundred nanoseconds to the final intermediate(s) absorbing at 440-445 nm. In the i-PrOH reaction, the source of this absorption seems to be the nucleophile adducts 13 and 14 (Scheme 4) arising from collapse of the SSIP. Upon the basis of the structures of the observed products, 14 will be the major contributor to this absorption, and its absorption is estimated by TD-B3LYP to have λ max ) 409 nm, while that of the minor contributor 13 is estimated to have λ max ) 360 nm (Table 3) . It is perhaps surprising that this ion pair collapse does not occur immediately following the protonation step, but this is clearly not the case, and the SSIP survives into the nanosecondmicrosecond time domains.
The aforementioned relationships are summarized in Scheme 4, where the absorption characteristics and lifetimes of the intermediates are provided and related to Figure 4A -F, where their spectra are shown. Several aspects of this general scheme require further comment. The general spectroscopic pattern shown in Figure 4F is repeated for many different types of proton sources. Some of these are shown in Figure 11 . Carbon acids such as malonate esters, ammonium salts, and phenols all clearly display the characteristic nitrenium ion absorption in the 480-490 nm region. In addition, all of these proton sources except hydroquinone ( Figure 11D ) clearly display the characteristic absorption for the nucleophile adduct at about 440 nm. In the cases of phenol and dimethylamine hydrochloride, the adducts 15 and 16, respectively, can be isolated. As indicated above, hydroquinone is a proton source that forms the nitrenium ion 10 ( Figure 11D ). However, the lack of a 440 nm band indicates that no adduct is formed, and this observation is supported by the fact that hydroquinone yields only the reduction product amine 6 (Table 1) . Exactly the same reduction pattern is observed for the alcohol ethyl glycolate, which affords only reduction to the amine 6 (Table 1) . Consequently, in addition to radical pathways for reduction of the nitrene to the amine 6, there appear to be ionic reduction pathways, as well. Thus, 10 might undergo reduction to amine 6 via an internal oxidationreduction of the nitrenium ion pair via hydride transfer from the hydroquinone anion, or ethyl glycolate alkoxide anion as 
